this protocol describes the ex vivo characterization of zebrafish hematopoietic progenitors. We show how to isolate zebrafish hematopoietic cells for cultivation and differentiation in colony assays in semi-solid media. We also describe procedures for the generation of recombinant zebrafish cytokines and for the isolation of carp serum, which are essential components of the medium required to grow zebrafish hematopoietic cells ex vivo. the outcome of these clonal assays can easily be evaluated using standard microscopy techniques after 3-10 d in culture. In addition, we describe how to isolate individual colonies for further imaging and gene expression profiling. In other vertebrate model organisms, ex vivo assays have been crucial for elucidating the relationships among hematopoietic stem cells (Hscs), progenitor cells and their mature progeny. the present protocol should facilitate such studies on cells derived from zebrafish.
IntroDuctIon
The use of zebrafish to study the genetic underpinnings of hema topoiesis has become increasingly popular over the past 20 years [1] [2] [3] because of several unique features, including their embryonic opti cal transparency, genetic amenability, and fecundity. Furthermore, the value of zebrafish as a model organism has also been demon strated in numerous other biological studies [4] [5] [6] [7] . The popularity and utility of zebrafish as a model organism are attributable to the development and refinement of crucial techniques that allow efficient genetic manipulation, in vivo visualization of develop ment in real time, and methods for highthroughput screening [3] [4] [5] [6] [7] . For example, zebrafish were used to map the origins of HSCs using realtime in vivo fate mapping 8 and in the elucidation of the signaling pathways that are involved in these processes [9] [10] [11] .
In other model organisms such as the mouse and chicken, in vivo observations are routinely complemented by ex vivo experiments [12] [13] [14] , including culturing of hematopoietic cells in tissue culture. These ex vivo approaches that offer the possibility to perform the experiments in a cellautonomous manner were unavailable for zebrafish until recently because of the incompat ibility of broadly used mammalian or avian culture media with zebrafish cell culture, and the high divergence of mammalian and zebrafish growth factors and cytokines 15, 16 .
Development of the protocol
Initially, we established a method for culturing zebrafish hema topoietic stem and progenitor cells (HSPCs) in suspension on top of zebrafish kidney stromal (ZKS) cells 15 . The ZKS cell layer was used to encourage growth and multilineage differentiation of HSPCs by cell-cell interaction and the production of a broad range of growth factors and cytokines. In order to manipulate cell fates more specifically and more efficiently, we generated several zebrafish recombinant cytokines that further increased the selfrenewal and differentiation of HSPCs 15 . However, although we observed the terminal differentiation of zebrafish erythro myeloid cells, this technique did not allow the study of differentia tion and selfrenewal potential of HSPCs at the singlecell level. Therefore, we developed zebrafish methylcellulose clonal assays, which enabled the analysis of clonal HSPC ontogeny in semisolid media for the first time 16, 17 . These methods, which are based on mammalian clonal assays, were the first description of culture conditions that support primary zebrafish HSPCs in semisolid media 18 . This protocol describes these substantial improvements in detail, including an improved strategy for fish euthanasia and a simplified procedure for zebrafish kidney marrow dissection. In addition, we describe an optimized composition of methylcel lulose medium. We provide a guide for utilization of various cell populations that can be grown in various different plate formats, and we offer an optimized procedure for plating hematopoietic cells. Furthermore, this procedure describes an extended down stream application guide and instructions for the preparation of some of the important culture components, such as carp serum and cytokines, in Boxes 1 and 2. Our improved protocol has been used to produce research demonstrating clonal hematopoietic progenitor assays in the zebrafish and differentiation of hema topoietic progenitors ex vivo in real time 17, 18 .
Applications of the method
Clonal assays are routinely used for the study of steadystate or aberrant hematopoiesis at the singlecell level 19, 20 . Cells are essentially plated in a suspension of semisolid media such as methylcellulose to prevent their movement. In such conditions, cells stay together and form distinct colonies. If optimal plating density is attained, every HSPC generates a single colony 19, 20 .
The approach can be used for the study of developmental differentiation relationships between hematopoietic cells via ex vivo fatemapping experiments 18, 21 . With these experiments, it is possible to decipher the hierarchy of most HSPCs by ex vivo fatemapping experiments when tracking individual cells and colonies. These procedures also enable a thorough and functional characterization of intrinsic and extrinsic regulators that affect normal and malignant hematopoiesis 18, 19, [22] [23] [24] . Clonal assays facilitate the detailed characterization of various mutant pheno types 19 , and therefore they are a valuable tool for phenotyping hematopoietic defects generated in the zebrafish model system.
Experimental design
The overall experimental schematic in Figure 1 shows a summary of the stages required to establish cell culture, the tools that are necessary to accomplish this and the evaluation of outcomes of clonal assays by standard microscopy techniques or gene expression profiling. Colonies can be directly imaged, enumer ated, and then plucked from the methylcellulose for subsequent analysis such as histology, gene expression profiling, and charac terization of proliferative capacity. The protocols for these assays are described in the PROCEDURE section. The following points should be considered before starting the experiment.
Choice of fish. The choice of fish depends on the purpose of your study. It is possible to use adult fish whole kidney marrow (WKM) 16, 25 , as well as embryonic fish, as a source of HSPCs 17 . When you are using adults, use fish that are 3-9 months old, preferably ~6 months of age. At this age, fish are fully developed, and the kid neys contain high numbers of blood progenitors; if you are using younger fish, expect smaller kidney sizes and reduced cell yields. Our preliminary data suggest that the same is true for older fish; the cellularity of the kidney and functional number of HSPCs seem to drop as the fish age. If embryos are used as a source of hematopoietic cells, collect the cells between 24 and 36 h post fertilization (h.p.f.) for primitive hematopoiesis studies, or use embryos older than 36 h.p.f. for definitive hematopoiesis studies. As a multitude of zebrafish mutant and transgenic reporter lines have been created and described, it is possible to use these fish for experimental procedures. For example, numerous fish have been generated that express fluorescent genes under the control of tissuespecific promoters, such as gata1:dsRed fish that have dsRed + erythrocytes 26 , cd41:GFP fish that have GFP + progenitors/ thrombocytes 27 , mpx:GFP fish that have GFP + neutrophils 28 , and
Box 1 | Preparation of carp serum • tIMInG 1.5 d
Carp serum 49 is an ideal substitution for zebrafish serum 30 when added at a final concentration of 2% (vol/vol) together with 10% (vol/vol) FBS. Here we describe the protocol for its preparation. Blood collection is done by heart puncture (supplementary Fig. 2 ). Blood can be collected by other methods, such as caudal vein or dorsal aorta puncture (not described). Typical yields of blood are ~6 ml/kg, which yields ~2-4 ml of serum.
additional materials
Carp (Cyprinus carpio), size between 2 and 3 kg ! cautIon All animal procedures must be carried out in accordance with the guidelines outlined by local and national committees for animal experiments ! cautIon Euthanasia via cranial concussion should be conducted by a person who is experienced in the proper application of this technique  crItIcal If you use smaller carp, the blood yield will be smaller. If you use older carp, the blood yield is higher, but it is more difficult to reach the heart for blood collection.
procedure Blood collection • tIMInG 15 min per carp 1. Euthanize the carp (medium size, 2-3 kg) with a sharp blow to the cranium above the eyes using a blunt wooden or rubber stick or hammer. When this step is properly performed, the fish stops moving. Alternatively, apply electrocution. ! cautIon Cranial concussion should be conducted by a person who is experienced in the proper application of the technique. ! cautIon Electrocution may be hazardous and must be performed by a person who is familiar with appropriate placement of electrodes and use of equipment. Purpose-built equipment must be used. ! cautIon Blood collection (steps 1-4) should be performed by two people. The second person helps to stabilize the fish and increases blood flow by abdominal and lateral compression massage. 2. Position the animal on its back in an ice groove. 3. Insert the needle (20-gauge × 40 mm) connected to a 12-ml syringe 2-3 cm deep inside perpendicularly to the ventral surface in the midline between pectoral fins. Needle and syringe should be held 10-20° off horizontal with the tip pointing to the head (supplementary Fig. 2) . Apply negative pressure. If no blood appears, slowly withdraw the needle so that it remains just under the skin and re-direct it in a slightly different direction. Wait until the syringe is entirely filled.  crItIcal step If blood stops flowing, it is still possible to improve yields by pressurizing the heart. This is done by bending the tail and by massaging the abdomen in the anterior direction.  crItIcal step If the syringe is full, replace it gently while the needle is still inside the animal. 4. Perform a secondary method of euthanasia to ensure that the animal is deceased by decapitation. serum preparation • tIMInG 1 d 5. Coagulate blood for 4-6 h at RT and then incubate at 4 °C overnight.  crItIcal step Manipulate the syringes containing blood very gently, as any excessive manipulation can cause hemolysis. 6 . Gently open the syringe and carefully filter the supernatant through a 70-µm nylon mesh.  crItIcal step The supernatant should be slightly yellow and clear. If hemolysis occurs, the supernatant is red to dark red. Do not pool nonhemolytic and hemolytic sera. Be careful not to contaminate clear supernatant with blood clots during its filtration.  crItIcal step Perform steps 6-7 in a tissue culture hood using sterile technique. 7. Spin the supernatant for 10 min at 300g, RT and filter it with a 0.22-µm filter.  crItIcal step If the supernatant contains hemolytic cells, filtration could take a long time. Proceed through several subsequent filtration steps, starting with 5-µm, 0.44-µm, and 0.22-µm filters.  crItIcal step Be aware of any contamination. Test the serum before use for any signs of microbial infection by its cultivation at 37 °C. Directly use the serum or divide it into aliquots and freeze the aliquots in liquid N 2 ; store them at −20 °C for at least 1 year. cmyb:GFP fish that have GFP + progenitors 8 . These animals can be further mated to generate doubletransgenic reporters, such as gata1:dsRed; cd41:gfp 18 animals, which are essential for observing erythroid and thrombocytic development in the same animal. When these transgenic animals are used, the lineage commit ment of HSPCs is easily visualized without any staining. Examples of the most common transgenic strains that are suitable for the detection of individual colony types are listed in Table 1 . This protocol also enables the study of HSPCs from mutant fish with various hematopoietic defects. A number of mutant phenotypes have been described so far 29 (e.g., vlad tepes, cloche, and moonshine), many of which have yet to be mapped to defects in HSPC lineage decisions. The use of these functional HSPC assays will probably lead to functional characterization of genes altered in prior (and future) mutant screens.
Input cell strategy. Treatment of cells before plating is one of the most variable factors, and it should be considered care fully depending on the experimental design. Cells can be plated directly after their dissociation from tissues (termed 'unfrac tionated cells'), but preferably FicollHypaque/Biocoll (density 1.077 g/ml) centrifugation should be used to remove unwanted mature erythrocytes and dead cells. These cells are referred to as 'fractionated cells'. Between 1 and 3 adult fish or 100 and 500 embryos should provide enough cells for seeding one multiwell plate (ANTICIPATED RESULTS). Another method is to sort cells with fluorescenceactivated cell sorting (FACS). With FACS, sev eral distinct scatter populations, termed 'erythroid', 'lymphoid', 'precursor', and 'myeloid', are resolved by lightscatter charac teristics 26 (Fig. 2a) . Although the sorting strategy depends on your interests, it will influence the composition and number of Box 2 | Generation of cytokines • tIMInG weeks to months additional materials Denaturing purification buffer A (pH 8.0): Combine 6 M guanidine hydrochloride, 100 mM NaH 2 PO 4 , and 10 mM Tris. Store the buffer at RT for up to 6 months, and re-adjust the pH before use. Add 10 mM 2-mercaptoethanol before use, after adjusting the pH.
Denaturing purification wash buffers B (pH 8.0) and C (pH 6.3) and elution buffer E (pH 4.0): combine 8 M urea, 100 mM NaH 2 PO 4 , and 10 mM Tris. Store it at RT for up to 6 months, and re-adjust to the required pH before use. Add 10 mM 2-mercaptoethanol before use, after adjusting the pH.
Native wash buffer (pH 8.0): combine 300 mM NaCl and 50 mM NaH 2 PO 4 . Store it at RT for up to 6 months and add 20 mM imidazole before use.
Native elution buffer (pH 8.0): combine 300 mM NaCl and 50 mM NaH 2 PO 4 . Store it at RT for up to 6 months and add 250 mM imidazole before use. different HSPCs isolated. For example, we were able to characterize cd41 medium cells from the combined 'lymphoid' and 'precursor' fraction ( Fig. 2b) that were sig nificantly enriched in bipotent thrombo cyticerythroid progenitors (TEPs) 18 .
Culture plates. Which culture plates are best for plating progenitors is another fac tor that depends on the experimental aims. Generally, it is recommended to use non tissueculturetreated dishes that are used for suspension cell culture, which prevents adhesive interactions between the cells and the plate. With this approach, the cultures are more likely to grow colonies as opposed to adherent monolayer cultures. The optimal size of the culture plates depends on the experiment. Generally, multiwell plates work well, because they enable the plating of cells in different cytokine conditions in replicates. However, if high quantities of certain colony types are required, 3 to 6cm culture dishes also work well. The recommended volume of methylcel lulose medium and seeding density vary depending on the size of the plate, as listed in Table 2 .
Culture conditions. Zebrafish hematopoietic cells grow best at 32 °C, in a humidified 5% CO 2 environment. Although cells are healthy at the physiological temperature of zebrafish (28 °C), they divide faster and appear similarly healthy at 32 °C.
However, raising the temperature to 37 °C for extended periods of time is toxic 15 .
Medium. Serum is a crucial component of most culture media. It contains growth factors and endogenous cytokines, along with exogenously added cytokines, which cooperatively ensures the optimal growth and differentiation of cells. Presumably because of the high genetic divergence between mammals and teleosts, we observed that our culture conditions required fish serum in addition to FBS. As isolation of sufficient amounts of zebrafish serum is technically challenging 30 ,31 , we experimentally tested the serum from other larger but phylogenetically related teleosts. Our experiments indicated that sera derived from multiple fish species such as European perch, salmonids (SeaGrow JJ80), and 41 , Tg(gata1:dsRed) 26 Gcsfa/b CFU-G, CFU-M Tg(mpx:GFP) 28 , Tg(lyz:dsRed) 42 , Tg(mpeg1:GFP) 43 Tpo CFU-T Tg(cd41:GFP) 27 Epo, Gcsfa/b CFU-GEM Tg(gata1:dsRed, mpx:GFP) 16 Epo, Scfa CFU-E, BFU-E Tg(b-globin:GFP) 41 , Tg(gata1:dsRed) 26 Addition of Scfa increases the proliferation capacity of erythroid colonies Epo, Tpo CFU-E, BFU-E, CFU-T, CFU-TE Tg(gata1:dsRed; cd41:GFP) 18 Epo, Gcsfa/b, Tpo
CFU-E, BFU-E, CFU-G, CFU-M, CFU-T, CFU-TE, CFU-GEM, CFU-GEMT
Tg(lyz:dsRed; cd41:GFP) 18 Erythroid colonies can be detected on the basis of hemoglobinization CFU-E, colony-forming unit erythroid; BFU-E, burst-forming unit erythroid; CFU-G, colony-forming unit granulocyte; CFU-M, colony-forming unit macrophage; CFU-T, colony-forming unit thrombocyte; CFU-TE, colony-forming unit thrombocyte, erythroid; CFU-GEM, colony-forming unit granulocyte, erythroid, macrophage; CFU-GEMT, colony-forming unit granulocyte, erythroid, macrophage, thrombocyte. northern pike were ineffective, whereas serum from the common carp stimulated the most cell survival and proliferation in vitro (Supplementary Fig. 1 ). We base our experimental conditions for zebrafish culture experiments on chicken culture medium 13 and use 10% (vol/vol) FBS and 2% (vol/vol) carp serum. We describe how to prepare carp serum in Box 1 (Supplementary Fig. 2 ). Even though zebrafish cells can be cultured at concentrations as low as 1% (vol/vol) carp serum, we have found 2% (vol/vol) carp serum to be optimal for hematopoietic progenitor cell selfrenewal and differentiation. Given that preparation of carp serum is challeng ing, we do not recommend decreasing the proportion of FBS and increasing the proportion of carp serum.
Transferrin is an essential mediator of iron transport during erythrocyte differentiation 32 . Because of the divergence between vertebrate transferrin genes and a lack of available recombinant zebrafish transferrin, we have determined that it is best to include a synthetic iron supplement, ferric salicylaldehyde isonicotinoyl hydrazine (FeSIH), in the medium. The addition of FeSIH into HSPC cultures enables full erythroid maturation.
Cytokines are essential proteins for manipulating the differen tiation of hematopoietic cells ex vivo. Because of their divergence among vertebrates, most mammalian and avian factors are not effective in fish cultures 15, 16, 18, 23, [33] [34] [35] [36] . Many genes were duplicated during the evolution of the teleost genome 37, 38 ; thus multiple copies of genes that express cytokines are present in zebrafish. It will be essential to identify the functional orthologs of mammalian genes to fully understand their role in zebrafish; this work is ongoing. We have identified, cloned, recombinantly expressed, and purified a number of these genes, such as those encoding erythropoietin (Epo), granulocyte colony-stimulating factor a and b (Gcsfa/b) 16, 23 , and thrombopoietin (Tpo) 18 . Because cytokines control cell proliferation and differentiation, the choice of particular factors to include in the medium depends on the experimental goals. Erythromyeloid maturation can be studied with zebrafish Epo and Gcsfa/b 15, 16, 23 , and the combination of Epo and Tpo is essential for investigating zebrafish thrombopoi esis 18 . Individual combinations of cytokines that yield particular types of colonies are listed in Table 1 . A negative control, such as PBS or control baculovirus supernatant, should be included in the individual treatments. It is also essential to perform these experiments in replicate.
Because of the evolutionary distance and lack of crossreactivity between mammalian and zebrafish cytokines, it is necessary to produce them. This includes sequence design, protein expres sion, and protein purification. For recombinant expression, remove the leader sequence and transmembrane domain from the gene's coding sequence (CDS), and tag the construct with an Nterminal hexahistidine sequence to allow affinity chromatog raphy purification. For protein expression, first try expression in Escherichia coli, which offers the best protein yield. As an alternative, if the E. coli expression system yields suboptimal results because of low expression levels, recombinant protein tox icity, or issues with protein solubility, the baculovirus expression system can be used (Supplementary Fig. 3 ). Protein expression levels and purification yields often vary and depend on several factors, such as protein toxicity for host cells and the protein's size and physiochemical properties. Expression plasmids that can be used to produce recombinant cytokines (Epo, Gcsfa/b and Tpo) in E. coli or insect cells are available through Addgene (IDs 64309, 65611, 65612, and 65613). 
REAGENT SETUP Washing medium To 435 ml of DMEM, add 50 ml of FBS, 10 ml of 0.2 M lglutamine, and 5 ml of 100× penicillin-streptomycin. Store the medium at 4 °C for up to 3 months. CFU-erythroid medium Combine the reagents listed below to obtain 100 ml of CFUerythroid (CFUE) medium. All reagents should be stored according to the manufacturer's directions. Penicillin-streptomycin, 100× 1 ml Penicillin (100 U/ml), streptomycin (100 µg/ml) 0.2 M Lglutamine 2 ml 4 mM
Components
After mixing the reagents, saturate the medium with CO 2 . For this, swirl the medium and introduce the CO 2 by gently foaming the gas above the liquid level until the medium becomes orange in color. Sterilize the solution using a 0.2µm filter. Store it at 4 °C for at least 3 months. Methylcellulose stock, 2% (wt/vol) Weigh 10 g of methylcellulose and sterilize it under UV light for 30 min. Transfer the methylcellulose powder into a 1liter Erlenmeyer flask and add 225 ml of sterile H 2 O. Mix the solution and bring it to a boil. Swirl the flask vigorously and then cool it to below 50 °C, and then add 225 ml of 2× DMEM. Adjust the weight of the mixture to 503 g with sterile water. Stir the stock overnight at 4 °C, and allow it to thicken before dividing the stocks into aliquots and storing them at −20 °C. Complete methylcellulose medium Combine the reagents listed below to obtain 100 ml of complete methylcellulose medium. Store the mixture at 4 °C for up to 3 months. All reagents except methylcellulose stock and carp serum should be stored according to the manufacturer's directions. The carp serum should be stored according to the instructions in Box 1. ! cautIon All animal procedures must be carried out in accordance with ethical guidelines outlined by local and national committees for animal experiments.  crItIcal step Isolation must be performed on a clean lab bench using sterile instruments and filter pipette tips.
(a) Dissection of zebrafish kidneys • tIMInG 5-10 min per fish (i) Place fish in ice-cold water until no signs of life are visible, as determined by cessation of opercula movement (2-3 min).  crItIcal step Fish euthanasia with low toxicity and high efficacy is crucial. We do not recommend euthanizing the fish with common anesthetics such as tricaine methanesulfonate because of the potential molecular and cellular off-target effects of the drug. As a substitution, we recommend using rapid cooling with ice water for zebrafish euthanasia 39, 40 . (ii) Briefly dip fish into 70% (vol/vol) ethanol to sterilize the skin, and place it on absorbent paper towels under a dissecting microscope (Fig. 3a) . Remove any residual ethanol droplets using absorbent paper towels. (iii) Use scissors to make an opening anteriorly from the anus along the ventral midline for the entire length of the abdomen (Fig. 3b-d and supplementary Video 1) .  crItIcal step Take care not to damage the intestines, as this might cause contamination of samples.  crItIcal step Avoid any washing steps during this protocol, as any washes might cause cell loss.  crItIcal step Sometimes, even after enzymatic digestions, some cells remain in clumps. If the clumps contain more than eight cells, accurate counting will be hindered.
? trouBlesHootInG Troubleshooting advice can be found in table 4. • tIMInG
Step 1, obtaining zebrafish HSPCs: 5-70 min
Step 1A, dissection of zebrafish kidneys: 5-10 min per fish
Step 1B, dissociation of zebrafish embryos: 35-70 min Steps 2-5, washes: 20 min
Step 6, preparation of individual hematopoietic population: 30-120 min
Step 6A, preparation of fractionated WKM cells or embryo-derived cells: 40 min
Step 6B, cell sorting: 30-120 min Steps 7-10, plating of hematopoietic cells: 20-30 min per plate Steps 11-13, growth and evaluation of hematopoietic colonies: variable; days to weeks
Step 13A, histology of colony-forming cells: 60 min
Step 13B, gene expression profiling of individual colonies: 2-3 h
Step 13C, characterization of colony proliferation capacity: 60 min Box 1, preparation of carp serum: 1.5 d Box 2, generation of cytokines: weeks to months
antIcIpateD results
This protocol allows the isolation of zebrafish HSPCs from kidney marrow or embryos and their subsequent growth and differentiation into distinct blood lineages. A typical cell yield from kidney marrow is demonstrated in Figure 4 . Unfractionated cell fractions consist predominantly of mature erythrocytes, whereas the fractionated population consists mainly of HSPCs and myeloid cells. Cell yields and composition are influenced by the fish's age and size 16 . In our experience, the number of mature myeloid cells increases over time in the WKM at the expense of the number of progenitor cells. However, we also have noted that fish size positively correlates with the number of progenitor cells in kidneys. An average number of isolatable, unfractionated WKM cells is ~4-5 × 10 6 per fish, whereas the number of fractionated WKM cells will be only 0.5-1 × 10 6 cells per fish (Fig. 4a) . The number of sorted cells depends on the desired gating strategy. As an example, cd41:GFP reporter fish have, on average, 21 × 10 3 cd41 low , 18 × 10 3 cd41 medium and 4 × 10 3 cd41 high isolatable cells (Fig. 4b) . Similarly, the number and composition of isolatable embryonic cells varies according to the developmental stage and gating strategy. Zebrafish hematopoietic colonies appear after only a few days in culture, and they can be grown for up to 1-2 months when supplemented with CFU-E medium and growth factors at regular intervals, which prevents the wells from drying out and provides cells with additional cytokines and nutrients. Erythroid ((burst-forming unit (BFU)-E, CFU-E; Fig. 5a ), thrombocytic (CFU-T, Fig. 5a ), and myeloid (CFU-macrophage/granulocyte (M/G), Fig. 5b ) colonies first appear at days 2 and 3. CFU-M/G colonies should be enumerated at that time; later, the colonies become too dense, reach the bottom of the plate, and spread/dissociate. The BFU-E and CFU-E colonies can be distinguished and enumerated according to their size starting at day 4. At day 5, hemoglobinization occurs in erythroid colonies, which makes them a dark reddish color that allows easy visualization with bright-field microscopy. Mixed erythro-thrombocytic colonies (CFU-TE, Fig. 5a ) can be recognized at day 4, and multipotent CFU-GEM/GEMT (granulocyte-erythroid-macrophage/granulocyte-erythroidmacrophage-thrombocyte; Fig. 5b ) colonies can be identified after day 6. (a) Epo stimulates growth and differentiation of small CFU-E (*) and large BFU-E (**) colonies that are hemoglobinized and express gata1:dsRed (left). Tpo stimulates growth and differentiation of relatively small CFU-T colonies that express high levels of cd41: GFP and low levels of gata1:dsRed (middle). Combinatorial addition of Epo and Tpo stimulates mixed CFU-TE colonies, consisting of clusters of erythrocytes and thrombocytes that express high levels of both cd41:GFP and gata1:dsRed (right). (b) Gcsf stimulates growth and differentiation of myeloid CFU-G/M colonies that express lyz:dsRed (left), whereas the combination of Epo and Gcsf encourages differentiation of hemoglobinized lyz:dsRed CFU-GEM colonies (middle). Combinatorial addition of Epo, Tpo, and Gcsf expands hemoglobinized CFU-GEMT colonies that express both cd41:GFP and lyz:dsRed (right). All photomicrographs were taken at original magnification ×200. Scale bar (top left) represents 100 µm in all images. Modified from ref. 17 The composition and number of particular colonies depends on the particular population of cells plated and on the zebrafish cytokines present in medium, as shown in table 1. The most abundant types of HSPCs in fractionated WKM are erythroid and myeloid progenitors (Fig. 6) . For example, the cd41 medium population yields myeloid progenitors and a higher number of erythroid progenitors. It also contains a significant enrichment of thrombocytic and bipotent TEPs, as well as other HSPCs, such as granulocyte-macrophage-thrombocyte (GMT) and GEMT progenitors (Fig. 6) . All colonies that are described above can be easily identified using single-and double-transgenic reporter fish, as described in table 1. coMpetInG FInancIal Interests The authors declare competing financial interests: details are available in the online version of the paper.
